The circulating tumor cell (CTC) count has been shown as a prognostic marker for metastasis development. However, its clinical utility for metastasis prevention remains unclear, because metastases may already be present at the time of initial diagnosis with existing assays. Their sensitivity ex vivo is limited by a small blood sample volume, whereas in vivo examination of larger blood volumes may be clinically restricted by the toxicity of labels used for targeting of CTCs. We introduce a method for in vivo photoacoustic blood cancer testing with a high-pulse-repetition-rate diode laser that, when applied to melanoma, is free of this limitation. It uses the overexpression of melanin clusters as intrinsic, spectrallyspecific cancer markers and signal amplifiers, thus providing higher photoacoustic contrast of melanoma cells compared with a blood background. In tumor-bearing mouse models and melanoma-spiked human blood samples, we showed a sensitivity level of 1 CTC/mL with the potential to improve this sensitivity 10 3 -fold in humans in vivo, which is impossible with existing assays. Additional advances of this platform include decreased background signals from blood through changes in its oxygenation, osmolarity, and hematocrit within physiologic norms, assessment of CTCs in deep vessels, in vivo CTC enrichment, and photoacoustic-guided photothermal ablation of CTCs in the bloodstream. These advances make feasible the early diagnosis of melanoma during the initial parallel progression of primary tumor and CTCs, and laser blood purging using noninvasive or hemodialysis-like schematics for the prevention of metastasis. [Cancer Res 2009;69(20):7926-34] 
Introduction
Most cancer deaths are a result of metastatic spread of the primary tumor (1) . Detection of circulating tumor cells (CTCs) seems to be a marker for metastasis development, cancer recurrence, and therapeutic efficacy (2) . However, incurable metastases can develop by the time of initial diagnosis with existing CTC assays, in which sensitivity (1-5 CTC/mL) is limited by the small (5-10 mL) blood volume (3, 4) . The sensitivity can be improved by assessment of a significantly larger blood volume in vivo, potentially the patient's entire blood volume (in adults f5 liters; refs. 5-7). Due to the low endogenous contrasts of most cancer cells, the fluorescent labeling of CTCs in vivo was applied, which raises practical concerns regarding the toxicity of tags, undesired immune responses, as well as light scattering and autofluorescence background allowing the assessment of only superficial blood microvessels with a slow flows (5, 7) . As an alternative, photoacoustic imaging using endogenous chromophores (e.g., hemoglobin or melanin) or exogenous nanoparticles as photoacoustic contrast agents provides higher spatial resolution in deeper tissue compared with most optical modalities (8) (9) (10) . Applied to a study for melanoma, photoacoustic techniques have shown promise for assessment of melanoma cells in vitro (11, 12) and imaging of melanoma tumor in vivo in static conditions (9) . However, dynamic detection of circulating melanoma cells in vivo has not yet been reported. Recently, we have developed timeresolved photoacoustic flow cytometry (PAFC) and showed its potential for in vivo real-time detection of circulating squamous cell carcinoma cells labeled with gold nanorods (GNR) and nonlabeled melanoma cells in relatively slow lymph flow (6, 13, 14) . However, a low laser pulse rate prevented the detection of every CTC within fast-flowing blood. Based on a new advanced PAFC schematic with a high pulse-repetition-rate diode laser, here, we show an ultrasensitive, label-free, photoacoustic enumeration of melanoma CTCs in the blood circulation that can be integrated with simultaneous laser ablation.
Materials and Methods
Cells. HTB-65 and MALME-3M human melanoma cells, and B16F10 mouse melanoma cells were obtained directly from a cell bank (American Type Culture Collection) for 1 to 3 mo before experiments. Cells were cultured using standard procedures, including serial passage in phenol-free RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). CD9151 and CE9151 cells were grown in Tyr-HRAS+ Ink4a/ ArfÀ/À transgenic mice, which were characterized histologically as amelanotic (15) .
Animals. According to University of Arkansas for Medical Sciences Institutional Animal Care and Use Committee-approved protocols, the experiment involved a nude mouse model. The estimation of the influence of skin melanin on detection limits was preformed with Harlan-Sprague mice, strain NIH-BG-NU-XID, with high skin pigmentation. After administration of standard anesthesia (ketamine/xylazine, 50/10 mg/kg, i.p.), animals were placed on the heated microscope stage with a topical application of warm water for acoustic matching of the ultrasound transducer and the tissue. The positions of blood vessels were verified using a high-resolution optical microscopy and ultrasound technique (Vevo 770, VisualSonic, Inc.). S.c. inoculation of 10 6 B16F10 mouse melanoma cells in a 50-AL suspension provided the mouse melanoma tumor in ear and skin on the mouse. Microscopic and H&E pathologic examination and immunohistochemistry were carried out by a veterinary pathologist. The reverse transcription-PCR (RT-PCR) testing of blood samples from mice was provided by the National Center for Toxicological Research (Jefferson, AR).
Human blood. Fresh blood was obtained from healthy donors in heparinized tubes and added to different numbers of HTB-65 cells under the auspices of an Institutional Review Board-approved protocol at University of Arkansas for Medical Sciences; necessary informed consents were obtained from all subjects. Nanoparticles. Melanin nanoparticles at 100 F 30 nm (Sigma-Aldrich) were used for PAFC calibration at a concentration of f2 Ag/mL in suspension. GNRs with sizes of 15 Â 50 nm and maximum absorption near 850 nm were provided by the laboratory of Nanoscale Biosensors at the Institute of Biochemistry and Physiology of Plants and Microorganisms (16) . Melanoma cells were labeled by GNRs through endocytotic effects in vitro at 37jC for 1 h.
Experimental setup. The PAFC was built on the platform of an Olympus BX51 microscope (Olympus America, Inc.), a tunable optical parametric oscillator (OPO; wavelength of 420-2,300 nm; 8-ns pulse width; a repetition rate of 10-50 Hz; pulse fluence, 0.01-100 J/cm 2 ; Lotis Ltd.), and a diode laser (905 nm, 15 ns, 10 kHz, 0.01-0.7 J/cm 2 , model 905-FD1S3J08S, Frankfurt Laser Company) with driver IL30C (Power Technology Inc). Photoacoustic signals were detected using an unfocused ultrasound transducer (model 6528101, 3.5 MHz, 5.5 mm in diameter; Imasonic, Inc.); or a focused cylindrical transducer (V316-SM, 20 MHz, focal length, 12.5 mm; Panametrics-NDT, Olympus) and amplifier (5660B, 2 MHz, gain 60 dB and 5678, 40 MHz, gain 60 dB, respectively; both from Panametrics-NDT, Olympus), and were recorded using a Boxcar (SR250, Stanford Research Systems, Inc.), Tektronix TDS 3032B oscilloscope, and a computer. PAFC was integrated with PT technique and transmission digital microscopy (TDM), which are described elsewhere (Supplementary Fig. S1 ; refs. [17] [18] [19] . Briefly, in PT imaging (PTI) mode, laser-induced temperature-dependent variations in the refractive index around melanin nanoparticles were visualized with a phase-contrast technique using a second, collinear laser pulse from a Raman shifter (639 nm, 12 ns; 10-50 Hz, 0.1-2 mJ/cm 2 ) with a tunable delay (0-10 As) (17) . The time-resolved, two-wavelength spectral identification of melanoma CTCs was realized with two laser pulses at wavelength of 865 nm (OPO) and 639 nm (Raman shifter) with 10-As delay. An in vitro study was performed with cells in suspension on conventional microscope slides with 120-Am width. Scanning TDM/PT cytometer in vitro. The presence of melanoma cells in the blood circulation was verified ex vivo by analyzing stabilized blood samples (0.5-2 mL) in a chamber (S-24737, Molecular Probes). The scanning was performed using an automatic microscopic stage (Conix Research, Inc.).
Statistical analysis. A minimum of three animals were used for each experiment unless otherwise noted. Results are expressed as means F SEM of at least three independent experiments. Spearman correlations for which P values of <0.05 were considered statistically significant. Statistica 5.11 (StatSoft, Inc.), MATLAB 7.0.1 (MathWorks), and LabVIEW (National Instruments) were used for the statistical calculations.
Results
PAFC schematic. The photoacoustic detection of melanoma CTCs was based on transformation of absorbed energy in melanin nanoparticles into heat accompanied by thermal nanoparticle expansion leading to the generation of acoustic waves (Fig. 1A) . To expose each CTC, the laser pulse repetition rate, f, was adjusted as f zV F /2R CTC , where V F is the flow velocity, and R CTC is the radius of CTCs (13) . In peripheral microvessels with diameter of 10 to 70 Am, the flow velocity ranged from 1 mm/s (capillary) to 10 mm/s (arterioles; refs. 20, 21) , and for R CTC = 10 Am, f z50, 500 Hz, respectively. We integrated a previously described PAFC (13) with a high pulse rate (10 kHz) diode laser (905 nm), which provided a linear beam configuration on skin with a size of 11 Am Â 75 Am (Fig. 1B) . The photoacoustic signal from a single CTC had an initial bipolar shape that transformed into a pulse train due to resonance and reflections effects in the transducer-skin-holder interface (Fig. 1A , left top trace). Because of the short duration (f5-10 As), the compressed signals appeared as vertical lines (Fig. 1A , bottom trace). Control trace without CTCs is shown at the bottom of the tracing panel in Fig. 1A . Several (20-50) photoacoustic signals from the same CTC were acquired using Boxcar gating (Fig. 1A , bottom on left top trace) and transformed into unipolar signals with a width determined by the transit time of the CTC through the laser beam (Fig. 1A , right top trace). From the full width at half maximum of 10 ms and the average beam diameter of 35 Am, the flow of velocity was estimated as f3.5 mm/s for a 50-Am ear vein, which is in agreement with the available data (5, 7).
To estimate the variable expression of melanin in tumor cells (15, (22) (23) (24) (25) , we measured the PT thermolens signals and PT image structures as indicators of average melanin content and melanin spatial distribution in individual cells, respectively. Conventional TDM provided a melanin distribution for highly pigmented cells (Supplementary Fig. S2 ; Fig. 2A ). PT imaging mode with its much higher (enhancement gain, z10 4 ) absorption sensitivity provided visualization of melanin nanoparticles that were invisible with TDM ( Fig. 2A) . The temporal dynamics of local structures in PT images at different time delays provides information of nanoparticle average sizes, as previously described (17) . The PT thermolens signal from single cell exhibited a fast-rising (ns scale) peak associated with cell heating resulting from the averaging of thermal effects from individual melanin nanoparticles, and a slower decay (As scale) due to cell cooling as a whole ( Fig. 2A, bottom) . Most melanoma cells contained scattered individual 30 to 50 nm melanin nanoparticles and nanoparticle clusters in individual melanosomes with an average diameter of 0.75 F 0.25 Am.
Monitoring of the PT signals from individual cells (total 500) in suspension showed a high level of heterogeneity: the 5% to 10% of cells with increased pigmentation produced PT signals with an amplitude much greater than that of PT signals from cells with less pigmentation (Supplementary Fig. S2; Fig. 2B ). The average melanin content increased in the following sequence: cultured B16F10 mouse cells-cultured HTB-65 human cells-B16F10 cells derived from primary tumor. Approximately 92 F 3.9% of tumorderived B16F10 cells were detectable with the PT/photoacoustic technique, compared with 87 F 3.5% of the HTB-65 and 76 F 3.1% of the cultured B16F10 cells. Surprisingly, 32 F 6% of amelanotic cells (CD9151 and CE9151) produced readable PT signals. Thus, cells defined as amelanotic may produce a small amount of melanin that can be sufficient for their detection using the highly sensitive PT/photoacoustic technique.
As the laser fluence at 850 nm increased, four-phase photoacoustic signal behavior from B16F10 tumor-derived cells was observed (Fig. 2C) as follows: (a) a gradual increase of linear bipolar photoacoustic signal (left trace) in the range of 10-150 mJ/cm 2 ; (b) nonlinear photoacoustic signal enhancement in the range of 150 to 500 mJ/cm 2 due to bubble formation around overheated melanin nanoparticle clusters ( Fig. 2A, white arrow) , accompanied by a negative peak in the PT thermolens signals as seen in Fig. 2A (bottom row, middle) and photoacoustic signal asymmetry (Fig. 2C , right trace); (c) saturation (a plateau) of signals in the range of 0.6 to 2 J/cm 2 likely due to laser-induced melanin bleaching of thermal origins; and (d) ''secondary'' nonlinear signal enhancement for fluences of >3 J/cm likely due to thermal explosion of melanin nanoparticles accompanied by shock waves (26) . The bubble formation resulted in cell death (13, 17) as confirmed by trypan blue testing. The photodamage threshold ED 50 (50% cell death after exposure to one laser pulse) was on average 0.39 F 0.14 J/cm The measured photoacoustic spectra suggest that the preferable spectral ranges providing high photoacoustic contrast of melanoma cells in a background of blood are relatively broad, ranging from 640 to 910 nm ( Fig. 3A; refs. 9, 27). At 850 nm, the photoacoustic signals from vessels were 3.1 F 1.1 times higher than the photoacoustic background signals from surrounding tissue. In mice with stronger skin pigmentation, the background photoacoustic signals from ear tissue were 5 F 1.3 times higher than from nude mouse ears, and thus were a little higher than photoacoustic signals from blood microvessels.
In vivo detection of i.v. injected melanoma cells. Metastatic cells were imitated using f10 5 B16F10 cells suspended in 100 AL saline solution and injected into the mouse circulatory system through a tail vein followed by their photoacoustic monitoring in an ear vein with a diode laser. To verify that flash photoacoustic signals were from melanoma cells, we periodically used timeresolved two-color OPO mode with pulses at wavelengths of 639 and 865 nm. Because absorption spectra for melanin and venous blood in selected spectral range have distinctive features (decreased and slightly increased absorption with increasing wavelength, respectively; Fig. 3A) , RBCs generated two permanent photoacoustic signals with higher amplitudes at a wavelength of 865 nm (Fig. 3B, bottom) . In contrast, melanoma cells provided two flash photoacoustic signals with higher amplitudes at a wavelength of 639 nm (Fig. 3B, top) . The number of detected melanoma cells per minute varied for each experiment depending upon the amount of cells introduced into the circulation and the selected vessels. Figure 4A shows averaged traces for five animals, and the time points are represented by the mean and SEM. The clearance of melanoma cells was biphasic, including a rapid phase with a rate decrease of approximately four times over 15 to 30 minutes and a much slower phase lasting few hours. In two of the animals, we observed an increase in the number of CTCs following the initial depletion. This behavior is consistent with previous studies (5, 28) suggesting that arrested CTCs (e.g., in lung or liver) may then release again into the circulation. Melanoma cells labeled in vitro before injection with GNRs yielded larger photoacoustic signals above blood background (Fig. 3A) . The rate of detection for labeled cells was higher than for nonlabeled cells (14.6 F 1.4 cells/minute versus 12 F 1.3 cells/minute), thus indicating the capability of PAFC to detect f82% of melanoma cells in the circulation without labeling. This percentage was lower than in in vitro studies (92%), suggesting a false-negative signal rate of 2.6 cells/minute due to background absorption by RBCs. Five-hour monitoring of photoacoustic signals from blood vessels without melanoma cell injection showed no false-positive signals with the signal-to-noise ratio of z2. The noise was associated with fluctuation of laser energy and the number of RBCs in the detected volume. After injecting melanin nanoparticles, we observed photoacoustic signals above those of the blood background, which were cleared in f2 hours (Fig. 4A, bottom) . Both findings are consistent with other data whereby under normal conditions melanin is not present in the blood (2), and clearance of melanin nanoparticles takes longer than the clearance of cancer cells. In mice with high skin pigmentation (Fig. 1B, middle) , the maximum rate of CTC detection was f10 cells per minute (Fig. 4A) , indicating an increased false-negative signal rate and the failure to detect f2 cells per minute.
In vivo detection and damage of spontaneous metastatic cells during tumor progression. PAFC was used to count melanoma CTCs in an f50-Am-diameter ear blood vessel and an f150-Am-diameter skin blood vessel during tumor progression in the ear and in skin tumor models (Fig. 4B) . Scanning of a focused OPO beam (15 Am in diameter) across the tissue near the primary tumor (photoacoustic mapping) revealed in the first week the presence of rare (3-5) local photoacoustic signals within f1.5 mm of the tumor margin. (Fig. 4B) . These signals were associated with migration and intravasation of individual melanoma cells or their small aggregates. In some cases, metastatic cells appeared in ear blood microvessels in week 1 without any cells detected in the abdominal skin blood vessels, suggesting that a small amount of adherent CTCs were present in the ear blood vessels while remaining at undetectable levels in the systemic circulation. Two weeks after inoculation, CTCs were detected in the abdominal vessels. This indicates a much greater likelihood of detecting the initial metastatic process in the vicinity of the primary tumor before systemic CTC dissemination occurs. The skin tumors grew faster than ear tumors, and skin tumor-born CTCs appeared earlier in the systemic circulation. In particular, by the first week, 1 to 4 CTCs/minute were detected in the skin vasculature, and CTC numbers increased with tumor growth (Fig. 4B) up to f7 CTCs/ minute and f12 CTCs/minute by weeks 3 and 4, respectively. Occasional sequences of photoacoustic signal groups or one photoacoustic signal with a much larger amplitude and elongated width were observed, which support the hypothesis of melanoma cells migrating and circulating as small aggregates (14, 23) .
With increased laser energy from 60 to 450 mJ/cm 2 (i.e., nearing CTC photodamage threshold), we observed a decrease in the CTC detection rate from 12 CTC per min to 0.5 to 1 CTC per min following 1 hour of noninvasive exposure to the abdominal skin vessels. In the few days following this procedure, the CTC count nearly returned to the initial levels as new tumor cells entered into the circulation.
A minimally invasive delivery of laser radiation (as proposed in ref. 13 ) through 100-Am quartz fibers in a tiny needle showed the capability of PAFC to detect CTCs within 200 to 400 Am abdominal skin vessels (Fig. 1B, right) . This schematic can be used for distinguishing rare individual CTCs with relatively large distances between them (e.g., z0.1 mm at concentration V10 2 CTC/mL). The mice were euthanized, and tissue sections from different organs were examined by immunohistochemical staining. The evidence of micrometastasis in sentinel lymph nodes was found starting with week 2-3 for both ear and skin tumor. A gradual increase from rare to multiple micrometastases with dimensions <80 Â 60 Â 60 Am by weeks 2 to 4 was observed in lung tissue for skin tumor, whereas only a few distant micrometastases were observed by week 4 for ear tumor (Supplementary Fig. S3 ). Thus, PAFC showed quantitatively that the CTC dissemination rate increased as the tumor progressed, and that CTCs were readily detected weeks before any evidence of metastasis appeared in the tissue samples.
The blood samples (f1.0 mL) were drawn during tumor progression at week 4 and tested by RT-PCR assays (f2.0 mg extracted total RNA). A slight difference (not statically significant) in Silver gene expression was detected in blood samples ( Supplementary Fig. S4 ), demonstrating the limitation of RT-PCR assays at low CTC concentrations and small sample volumes. The blood samples collected from mice with tumor were put on slides and scanned with a focused OPO beam (15 Am in diameter). Rare CTCs in blood samples were detected by their remarkable increase in PT signal amplitudes (Fig. 5A, top) . Melanoma CTCs were verified using TDM to look for specific morphologic features such as cell color associated with melanin, and size greater than normal RBCs (Fig. 2A, top row, right) . Subsequently, RBCs were lysed and the scanning was repeated without background photoacoustic noise from RBCs (Fig. 5A, bottom) . Comparison of data in vivo and in vitro revealed a threshold of PAFC sensitivity of f1 CTC/mL during 5 hours of monitoring the abdominal vessels. No evidence of metastasis by week 4 was found in mice with skin tumors subjected to daily laser irradiation of the abdominal skin blood vessels (n = 5) for 2 hours at a fluence of 0.7 J/cm 2 . To explore whether melanoma cells can be detected within relatively large vessels against a background of many RBCs, rare B16F10 cells were added to whole blood samples from normal mice and placed in glass tubes with inner diameters of 0.25 mm, followed by continuous scanning of the tubes using a focused laser beam. During photoacoustic scanning, rare and strong photoacoustic signals were occasionally observed against a background of lower photoacoustic signals from RBCs (Fig. 5B, bottom) .
Next, cultured human melanoma cells (HTB-65) were added to anticoagulated blood samples from healthy human donors and subjected to PAFC in microscopic chambers of varying concentrations of melanoma cells (f1, 3, 10, 50, 100, 500, and 1,000 cells per unit of volume analyzed). The average numbers of melanoma cells and RBCs were verified by TDM using thin slides and fluorescent imaging by staining melanoma cells with FITC. This study revealed a detection limit at a signal-to-noise ratio of 2 of one melanoma cell in the irradiated volume (beam diameter of 50 Am Â sample thickness of 0.25 mm; Fig. 5C ). For a larger irradiated volume (beam diameter of 75 Am Â sample thickness of 1 mm), the detection limit was a minimum of 10 to 20 CTCs. In vivo irradiation of a peripheral blood vessel, through layers of animal skin covering the intact skin, showed the ability of PAFC to assess vessels with an unfocused transducer at a depth of 4 mm at 532 nm ( Supplementary  Fig. S5 ) and potentially deeper in the NIR range (6) . The measurement of melanoma CTC rates using the ear tumor model at week 4 with a nonfocused transducer on a 50-Am ear vessels and 150-Am skin vessels revealed CTC rates of 0.06 and 4.0 CTCs/ minute, respectively. The measurements using focused transducer of a f0.9 mm aorta ( Supplementary Fig. S5 ) revealed a CTC rate of 71 CTCs/minute. This study shows a higher probability of detecting CTCs using a focused transducer on large deep vessels with higher flow allowing circulation of almost the entire mouse's blood volume (f2 mL) within 0.5 to 1 min (20) .
The improvement of PAFC's capability. We have identified several methods for improving PAFC sensitivity. Because deoxygenated (Hb) and oxygenated (HbO 2 ) hemoglobin absorbs differently (27) , the change in blood oxygenation from norm (e.g., f75% in vein; ref. 27 ) may lead to decreased total blood absorption. Indeed, increased oxygenation by pure oxygen delivery during 15 minutes using a mask around a mouse's head caused a 1.36 F 0.14-fold signal decrease from veins at a wavelength of 750 nm. Decreasing the hematocrit is another way to decrease photoacoustic background signals due to a decrease in numbers of RBCs in the detected volume. After injection of 0.5 mL standard saline solution (20-25% dilation that is within physiologic norm in human; refs. 22, 27) into a tail vein, background photoacoustic signals from a 50-Am mouse ear vein were immediately decreased 2.3 F 0.3-fold. Osmolarity causes an increase in the RBC volume through swelling (27) that may result in a decrease the photoacoustic signals. Indeed, the injection of 100 AL hypertonic solution of NaCl into the mouse tail vein led to a drop in the photoacoustic signal in the ear vein by f2-fold, correlated with an RBC size increase monitored by TDM.
A decrease in the lumen diameter of blood microvessels to 10 to 15 Am through gentle mechanical occlusion for 10 min (Fig. 6) , followed by the quick release of the vessel led to an immediate increase in the rate of metastatic melanoma cells by f3-fold. It is likely that melanoma cells with typical sizes of 15 to 25 Am were trapped, and thus concentrated at the entrance of the vessel bottleneck, whereas smaller RBCs (5-6 Am) and leukocytes (7) (8) refs. 20, 21) continued to traverse the portion of the vessel lumen with a reduced diameter.
Discussion
The label-free nature of PAFC using melanin as an intrinsic cell marker offers avoidance of potential problems related to labeling of CTCs in vivo (7, (29) (30) (31) (32) . This may provide the precedent for noninvasive, in vivo blood cancer testing that focuses on melanoma, a highly aggressive, epidemic malignancy that is often widely metastatic at an early stage (33, 34) . The threshold sensitivity of 1 CTC/mL achieved in our experiments was primarily limited by the small blood volume (f2 mL) present in mice and realistic monitoring times, rather than by PAFC parameters. According to our data, PAFC is capable of detecting a single CTC in the presence of f10 3 RBCs in the irradiated volume at 850 nm, suggesting a high absorption contrast of melanin when compared with hemoglobin in the NIR range (12, 17, 35, 36) . In superficial capillaries, CTCs can be detected with a high optical resolution (5-15 Am) without interference from RBCs, which flow single-file through the vessels (6); however, large CTCs are less plentiful in these small vessels with slow flow rate. To minimize the detection volume in deeper vessels with stronger light scattering, a focused cylindrical ultrasound transducer can be used with a high lateral acoustic resolution (f100 Am at 20 MHz), and an axial resolution comparable with the cross-section of the irradiated vessel.
According to ours and other data (5-7), the sensitivity versus time-of-observation thresholds can be roughly estimated as the following: in 50-Am vessels, 1 CTC/1 mL in f5 to 10 hours; in 100 to 300 Am vessels, 1 CTC/10 mL in f1 hour; in 1 to 3 mm hand vein at f3 mm depth, 1 CTC/100 mL in f1 hour; and in 10 to 15 mm human jugular vein at a depth of 15 to 20 mm (37), 1 CTC/ (3-5 liters) in 5 to 10 minutes. Thus, hypothetically, photoacoustic blood monitoring in a large vessel during just 10 minutes can improve CTC detection sensitivity by 10 2 -to 10 3 -fold compared with existing assays (z 1 CTC/mL).
Approximately 18% as in the current study and potentially more of CTCs with low melanin expression can be missed with label-free PAFC. Nevertheless, this level is still less than or comparable with conventional assays, which can miss up to 30% to 70% of CTCs due to the limited expression of biomarkers used for targeting of cancer cells (e.g., folate receptors or HER2; refs. 7, 38). Further improvements in the signal-to-noise ratios can be achieved by enhancing melanin synthesis using drugs ( Supplementary Fig. S6 ) or other melanin activators (39), ''clearance'' of NIR window transparency through alteration of blood parameters, capturing of large CTCs by squeezing small vessels or putting ''nets'' into vessels, better matching of the laser pulse width with the acoustic and thermal relaxation times of melanin nanoparticles (40, 41) , use exogenous strongly absorbing low-toxic labels (e.g., gold nanoparticles; ref. 6) , and laser-induced clustering of nanoparticles (42) . Melanincontaining (or engineered) pathogens (e.g., Salmonella) could be also used as potential vectors for targeting low-pigmented metastases (43, 44) .
PAFC may fill the gaps in cutaneous and uveal (45) melanoma research with a focus on label-free monitoring ( free of toxicity concerns) of cancer cell intravasation and blood/lymph dissemination in various microenvironments, in vivo study of melanin synthesis at the subcellular level, and a putative link between melanin expression and metastatic potential of CTCs (through comparison of photoacoustic signals from cells in primary tumor, CTCs, and distant metastases). Clinical scenarios may include the following: (a) blood screening for early CTCs before development of metastasis; (b) testing for cancer recurrence; (c) individualized assessment of therapeutic efficacy through real-time CTC count; (d) detection of cancer cells around surgical sites (to evaluate margins for residual cancer cells); and (e) inhibition of the development of metastases and potentially their prevention by well-timed laser blood purging. Further study could determine whether this new treatment is effective enough to be used alone or if it should be used in conjunction with chemotherapy and radiation therapy. Taking into account successful clinical applications of photoacoustic techniques (8, 37) and the safe range of laser fluence (20-35 mJ/cm 2 ) required, which is within the laser safety standard for human use (20-100 mJ/cm 2 at wavelengths of 500 nm-1100 nm; ref. 46) , we anticipate quick translation of PAFC technology in humans using a portable device composed of a high pulse rate diode laser array with different wavelengths under guidance of ultrasound or NIR imaging techniques (Supplementary Fig. S7 ; ref. 47 ).
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